Prions are self-propagating protein isoforms that are typically amyloid. In Saccharomyces cerevisiae, amyloid prion aggregates are fragmented by a trio involving three classes of chaperone proteins: Hsp40s, also known as J-proteins, Hsp70s, and Hsp104. Hsp104, the sole Hsp100-class disaggregase in yeast, along with the Hsp70 Ssa and the J-protein Sis1, is required for the propagation of all known amyloid yeast prions. However, when Hsp104 is ectopically overexpressed, only the prion [PSI + ] is efficiently eliminated from cell populations via a highly debated mechanism that also requires Sis1. Recently, we reported roles for two additional J-proteins, Apj1 and Ydj1, in this process. Deletion of Apj1, a J-protein involved in the degradation of sumoylated proteins, partially blocks Hsp104-mediated [PSI + ] elimination. Apj1 and Sis1 were found to have overlapping functions, as overexpression of one compensates for loss of function of the other. In addition, overexpression of Ydj1, the most abundant J-protein in the yeast cytosol, completely blocks Hsp104-mediated curing. Yeast prions exhibit structural polymorphisms known as "variants"; most intriguingly, these J-protein effects were only observed for strong variants, suggesting variant-specific mechanisms. Here, we review these results and present new data resolving the domains of Apj1 responsible, specifically implicating the involvement of Apj1's Q/S-rich low-complexity domain.
Introduction
Prions are self-propagating transmissible agents that are typically comprised of highly ordered and thermodynamically stable amyloid protein aggregates (Liebman and Chernoff 2012) . Typically, the phenotype of a prion is a partial lossof-function of the prionogenic protein. Some prion-forming primary sequences have been shown to form multiple distinct structural polymorphisms that influence the severity of prion-associated phenotypes; these are called "strains" in mammals and "variants" in yeast (Derkatch et al. 1996; Tanaka et al. 2006; Liebman and Chernoff 2012; Prusiner 2013) .
Yeast prions require molecular chaperone activity for stable propagation in cell populations (Tuite and Koloteva-Levin 2004; Liebman and Chernoff 2012) . To date, 12 prions have been identified in Saccharomyces cerevisiae. Of these, 10 are amyloid-based (Kondrashkina et al. 2014; Wickner et al. 2015) . Current models assert that Hsp40-class chaperones, which are cochaperones to Hsp70s, recognize and recruit Hsp70 to the amyloid fibril. Hsp70 then recruits Hsp104, the chaperone responsible for the physical severing of amyloid fibrils (Cox et al. 2003; Aron et al. 2007; Higurashi et al. 2008; Tipton et al. 2008; Winkler et al. 2012; Harris et al. 2014) . Hsp104, which plays a critical role in the solubilization of stress-induced protein aggregates (Wendler et al. 2009; Yokom et al. 2017) , is necessary for the propagation of all known amyloid-based prions (Wickner et al. 2018) . Hsp104 threads prion monomers from amyloid cores through its central cavity, solubilizing them and eventually remodeling and ultimately fragmenting the amyloid aggregates to generate new propagons-the unit of proteinaceous infection particles that must be propagated to maintain the Communicated by M. Kupiec. 1 3 prion state (Cox et al. 2003; Haslberger et al. 2008; Tipton et al. 2008; Winkler et al. 2012) .
Hsp70s are a versatile class of molecular chaperones that are essential for a variety of cellular functions including protein folding and transport, iron-sulfur cluster biogenesis, liquid-drop aggregation, and notably, prion propagation (Jung et al. 2000; Kampinga and Craig 2010; Craig and Marszalek 2017; Simpson-Lavy and Kupiec 2018) . The ability of Hsp70s to fine-tune their functions stems from their biochemical activity; they engage in a promiscuous and ATP-dependent client-binding and release cycle that is directed, enhanced, and calibrated by Hsp40s and nucleotide exchange factors (NEFs) (Kampinga and Craig 2010; Craig and Marszalek 2017; Schilke et al. 2017 ). Cochaperone Hsp40s (also and hereafter called "J-proteins") stimulate Hsp70 ATPase activity via their characteristic J-domains (Li et al. 2009; Craig and Marszalek 2017) . In S. cerevisiae, there are 13 J-proteins that at least temporarily occupy the cytosol. One of these J-proteins, Sis1, is essential for both cell survival and propagation of the four best-studied yeast prions: [PSI + ], [RNQ + ], [URE3], and [SWI + ] (Luke et al. 1991; Sondheimer et al. 2001; Aron et al. 2007; Higurashi et al. 2008; Hines et al. 2011b) . Specific chaperone requirements for propagation are largely differentiable among different prions and prion variants, particularly with respect to domain requirements of J-proteins (Derkatch et al. 1996; Hines et al. 2011a; Prusiner 2013; Stein and True 2014; Sporn and Hines 2015; Schilke et al. 2017; Killian and Hines 2018; Killian et al. 2019) . In addition to Sis1, three other J-proteins-Ydj1, Swa2, and Apj1-have been previously implicated in prion biology. Ydj1 is the most abundant J-protein in the yeast cytosol and is required in addition to Sis1 for propagation of the prion [SWI + ] (Ghaemmaghami et al. 2003; Hines et al. 2011b ), whereas Swa2 is required in addition to Sis1 for the propagation of the prion [URE3] (Troisi et al. 2015; Oliver et al. 2017) . Apj1, a J-protein similar in structure to Ydj1, is involved in the degradation of sumoylated proteins and has been demonstrated to eliminate synthetic prions when overexpressed (hence its name, "antiprion DnaJ") (Kryndushkin et al. 2002; Sahi et al. 2013) .
Ectopic overexpression of Hsp104 destabilizes [URE3] but efficiently eliminates only the prion [PSI + ] ( Fig. 1 ) (Chernoff et al. 1995; Derkatch et al. 1997; Moriyama et al. 2000; Volkov et al. 2002; Du et al. 2008; Patel et al. 2009; Saifitdinova et al. 2010; Holmes et al. 2013; Matveenko et al. 2018) . The mechanism of Hsp104-mediated elimination of [PSI + ] is the subject of significant current debate as several contradictory models have been proposed in the recent literature (Helsen and Glover 2012; Winkler et al. 2012; Park et al. 2014; Zhao et al. 2017; Ness et al. 2017; Cox and Tuite 2018; Matveenko et al. 2018 ). Here, we will revisit our recent findings (Astor et al. 2018 ) and present some additional data on the roles of J-proteins in Hsp104-mediated elimination of [PSI + ]. Considering our new findings, we expand on our understanding of the role of Apj1 in this process and underscore the importance of low-complexity regions in prion biology.
The role of Sis1 in Hsp104-mediated curing of [PSI + ]
The human ortholog of Sis1, Hdj1, is sufficient in substituting for Sis1 in maintenance of cell viability and [RNQ + ] propagation when highly expressed (Lopez et al. 2003) . Hdj1 is also sufficient in substituting for Sis1 in the propagation of strong, but not weak variants of [PSI + ] (Harris et al. 2014) , although it is insufficient in Hsp104-mediated elimination of [PSI + ] (Sporn and Hines 2015) . In continuing this line of investigation, we recently showed that the Sis1 Drosophila melanogaster ortholog Droj1 supports the propagation of strong, but not weak [PSI + ] variants, and like Hdj1, Droj1 was also deficient in supporting Hsp104mediated [PSI + ] elimination (Astor et al. 2018) .
To further investigate the role of Sis1 in Hsp104-mediated curing of [PSI + ], we used two previously characterized constructs that are sufficient in stably propagating [PSI + ] (Harris et al. 2014 ): Sis1ΔG/F, which lacks the glycine and phenylalanine-rich region, and Sis1-121, a construct solely comprised of the J-domain and G/F region (see Fig. 2 for Sis1 domain structure). Sis1ΔG/F can support the propagation of both strong and weak variants of [PSI + ] and, interestingly, it also supports Hsp104-mediated [PSI + ] curing of a weak, but not a strong variant. Sis1-121 is unable to support propagation of weak [PSI + ] (Harris et al. 2014 ) and, like Sis1ΔG/F, it is deficient in its ability to support Hsp104mediated curing of a strong [PSI + ] variant. Therefore, we (Matveenko et al. 2018) concluded that Sis1's activity in [PSI + ] propagation and Hsp104-mediated curing of strong [PSI + ] are mechanistically distinct, as both the Sis1 constructs and orthologs selectively permit only one of the two processes. In addition, this suggests that Hsp104-mediated [PSI + ] curing may be variant-specific, as Sis1ΔG/F was able to support the curing of weak, but not strong [PSI + ].
Sis1, Apj1, and Ydj1 all profoundly affect elimination of strong [PSI + ] variants
Prior to our investigation, four cytosolic J-proteins were implicated in prion biology: Sis1, Apj1, Swa2, and Ydj1 (Kryndushkin et al. 2002; Bradley et al. 2002; Lian et al. 2007; Hines et al. 2011a; Hines and Craig 2011; Troisi et al. 2015; Verma et al. 2017; Oliver et al. 2017; Killian and Hines 2018) . Given 13 J-proteins at least partially inhabit the yeast cytosol and three (Sis1, Ydj1, and Swa2) have been found to play critical roles in prion propagation, we hypothesized that other J-proteins may be involved in Hsp104-mediated curing of [PSI + ]. As a first step toward testing this hypothesis, we utilized a screen with strains lacking each J-protein individually and determined that no J-protein other than Sis1 is required for the stable propagation of two different and wellstudied weak [PSI + ] variants: [PSI + ] Sc37 and [PSI + ] VL . We then utilized this same set of J-protein deletion strains to determine if any of these 12 other J-proteins are required for efficient Hsp104-mediated [PSI + ] elimination. This screen revealed that in addition to Sis1, Apj1 is also required for efficient Hsp104mediated curing, but only for the strong variants; no evidence was uncovered that any J-protein, including Sis1, is necessary for the elimination of weak [PSI + ] variants (Astor et al. 2018) .
We next explored whether Sis1 and Apj1 may have overlapping functions. Indeed, we found that Hsp104-mediated curing of strong variants is restored when Apj1 is overexpressed in a [Sis1ΔG/F], Δsis1 background. Likewise, the overexpression of Sis1 in a Δapj1 background restores efficient curing. Since Sis1 is known to accelerate curing when overexpressed (Kryndushkin et al. 2011) , we also wondered if Apj1 would behave similarly given its overlapping function with Sis1. As predicted, overexpression of either protein independently accelerates curing of a strong [PSI + ] variant, which led us to test whether the overexpression of any other J-protein might also accelerate curing. An attempt to use Ydj1 for this purpose then led to the surprising discovery that Ydj1 overexpression potently blocks Hsp104-mediated curing, and this effect is specific to strong [PSI + ] variants. We then confirmed this effect was not due to a peculiarity of a specific strong prion variant by running identical experiments involving Sis1, Apj1, and Ydj1 using a second strong variant. Finally, we tested whether both alterations that block strong [PSI + ] curing, when combined, could affect weak [PSI + ]. Strikingly, cells simultaneously lacking Apj1 and overexpressing Ydj1 were still cured of weak [PSI + ] by Hsp104 overexpression, consistent with the hypothesis that the mechanisms by which weak and strong variants are eliminated by Hsp104 may be biochemically distinct.
Apj1 domain analysis
Our recent findings raise the question of what specific domains of Apj1 are required for its function in Hsp104mediated elimination of strong [PSI + ] variants, which we were unable to address in our original investigation but will address here. To achieve domain-level resolution, we tested constructs of Apj1 that are known to be functional and significantly expressed in vivo in two strains bearing the strong variants [PSI + ] STR and [PSI + ] Sc4 . The domain architectures of the constructs used in this experiment as well as those of Sis1 and Ydj1 are shown in Fig. 2 .
Plasmids expressing Apj1 constructs (Table 1) or an empty vector were used to transform Δapj1 cells of the W303 genetic background bearing one of two strong [PSI + ] variants. Transformants were grown on selective medium at 30 °C for 2 days and then cells were subsequently transformed with either another empty vector control (not shown) or a plasmid overexpressing Hsp104. 10 transformants were plated to selective solid medium and repatched twice at 30 °C, then were subsequently transferred to YPD medium to develop color (Fig. 3a) . In all cases, strains which received the second empty vector, and, therefore, lacked Hsp104 overexpression, maintained [PSI + ] as expected (data not shown). As originally reported in Astor et al. 2018 , we again confirmed that the deletion of Apj1 greatly reduces or completely eliminates curing (Fig. 3a , first column; [PSI + ] STR : 0/10 cured, [PSI + ] Sc4 : 0/10 cured) and again subsequently reconfirmed that Apj1 is specifically responsible for this effect through the observed restoration of curing following restoration of Apj1 expression ( Fig. 3a , second column; [PSI + ] STR : 10/10 cured, [PSI + ] Sc4 : 9/10 cured). Since the J-domain is critical for the simulation of Hsp70 ATPase activity (Tsai and Douglas 1996) , we next determined if Apj1's J-domain alone was sufficient in carrying out its role in this process. To do this, we used a construct in which the J-domain of Apj1 is fused with a C-terminal 10 residue random linker and a C-terminal HA tag (Apj1-J-RHA, Fig. 2) ; this construct is functional and expressed at a high enough level to rescue the growth phenotype of Δydj1 cells as well as to cure the prion [SWI + ] (Hines et al. 2011b) . Despite this, Apj1-J-RHA was not sufficient to replace Apj1 ( Fig. 3a; [PSI + ] STR : 1/10 cured, [PSI + ] Sc4 : 0/10 cured).
We next postulated that the putative substrate-binding regions of Apj1 that have previously been implicated in the degradation of sumoylated proteins (Sahi et al. 2013 ) might be responsible for its activity in this curing process. Expressing these regions alone, however, is highly unlikely to produce a functional protein product in vivo given the critical role of the J-domain. To circumvent this technical barrier, we used the Y/A construct, a chimeric protein comprised of the J-domain and G/F region of Ydj1, followed by the zinc-and peptide-binding regions of Apj1 (Fig. 2) . Ydj1-113 (only the J and G/F regions of Ydj1) is insufficient to block Hsp104 curing when overexpressed on its own (Berger and Hines, unpublished observations). The Y/A construct was chosen for this reason, and because it is functional in vivo and expressed at sufficiently high levels to rescue the Δydj1 growth phenotype; moreover, the C-terminal domains of Apj1 were specifically able, in the context Lysates of representative cells from panel A were resolved by SDD-AGE and subjected to immunoblot analysis using polyclonal antibody raised against Sup35. c Lysates of representative cells from panel A were resolved by SDS-PAGE and subjected to immunoblot analysis using polyclonal antibody raised against Apj1. Load control shown is a nonspecific protein cross-reacting with our Apj1 primary antibody of this construct, to rescue the propagation of the [SWI + ] prion in a Δydj1 background, indicating that the C-terminal domains of Apj1, specifically, are functional in this construct (Hines et al. 2011b) . Despite this, Y/A was also insufficient to replace Apj1 (Fig. 3a; [PSI + ] STR : 0/10 cured, [PSI + ] Sc4 : 0/10 cured). Finally, we tested whether a construct expressing only the J-domain and low-complexity QS region of Apj1 is sufficient (Apj1-161; Fig. 2) ; like the others, this construct also rescues the Δydj1 phenotype . Strikingly, Apj1-161 completely restored curing to the same extent observed with the wild-type Apj1 control ( Fig. 3a; [PSI + ] STR : 10/10 cured, [PSI + ] Sc4 : 9/10 cured). To confirm that the observed changes in color correspond to the maintenance or loss of the prion rather than simply an alteration of the color phenotype, we subjected transformants shown in Fig. 3a to a biochemical assay, semidenaturing detergent agarose gel electrophoresis (SDD-AGE), in which detergentresistant aggregates are resolved by size within an agarose gel and are then visualized by immunoblotting (Kryndushkin et al. 2003) . As expected, isolates that formed pink colonies on adenine-limited medium harbored SDS-resistant Sup35 aggregates, whereas those that formed red colonies lacked Sup35 aggregates (Fig. 3b) . Finally, to verify that differences in the ability to restore Apj1 function were not due to unexpected issues with protein expression, we subjected [PSI + ] STR cells shown in Fig. 3a to SDS-PAGE and immunoblotting analysis of representative patches using polyclonal antibody raised against Apj1. Our antibody does not recognize Apj1-J-RHA (not shown) or Apj1-161 ( Fig. 3c) ; however, Y/A is expressed equivalently or greater than wildtype Apj1 (Fig. 3c) , indicating that the absence of an effect is not due to under-expression of this construct. Likewise, we were able to exclude the possibility that the observed effect of Apj1-161 was due to unexpected expression of wild-type protein in those cells (e.g., due to homologous recombination).
Conclusions and perspectives
To explore the potential roles of J-proteins in Hsp104-mediated curing, in Astor et al., we examined multiple [PSI + ] variants and utilized well-characterized Sis1 constructs and one metazoan ortholog. We had previously shown that the human Sis1 ortholog, Hdj1, is capable of substituting for Sis1 to propagate strong, but not weak, [PSI + ] variants, and that it could not replace Sis1 to promote Hsp104-mediated curing (Sporn and Hines 2015) . In Astor et al., we found essentially identical results for the D. melanogaster ortholog, Droj1. Both of these orthologs also propagate at least some variants of the prion [RNQ + ] (Lopez et al. 2003) . It is worth noting that Sis1 orthologs have retained the ability to propagate some variants of [PSI + ] and [RNQ + ], but all higher eukaryotic orthologs examined to date lack the ability to substitute for Sis1 in Hsp104-mediated curing, now including human Hdj1 (Sporn and Hines 2015) , D. melanogaster Droj1 (Astor et al. 2018) , A. thaliana atDjB1 (Verma et al. 2017) , and five other A. thaliana Sis1 orthologs (Sahi and Hines, unpublished observations) . Wickner et al., have described Hsp104-mediated curing as one of many "anti-prion" functions of yeast (Wickner et al. 2015 (Wickner et al. , 2018 . One interpretation of these findings, in that light, might be that these orthologs have retained some prion-maintaining functions but have intriguingly lost this "anti-prion" function.
Currently, two models for Hsp104-mediated [PSI + ] elimination are significantly debated in the literature: malpartitioning of prion propagons to daughter cells (Ness et al. 2017; Cox and Tuite 2018; Matveenko et al. 2018 ) and aggregate trimming followed by propagon degradation (Park et al. 2014; Zhao et al. 2017; Greene et al. 2018) . According to the malpartitioning model, Hsp104 overexpression results in a retention of propagons in the mother cell, plausibly due to propagon attachment to the cytoskeleton (Cox and Tuite 2018) . This is most clearly represented by evidence that approximately 10% of newly budded daughter cells are [psi − ], beginning immediately after Hsp104 induction (Ness et al. 2017) . According to the trimming model, Hsp104 interacts with prion fibrils in two distinct modes: one which results in productive fragmentation and is thus required for stable propagation, and another in which it trims fibrils from the ends. Once fibrils are trimmed to a small enough size, the cores are subsequently degraded by the ubiquitin-protease system (Park et al. 2014) . This model asserts that Hsp104 trims fibrils at wild-type expression level, but this activity is only significant during overexpression.
In Astor et al., we proposed a potential role for Apj1 in either model, based largely on Sahi et al.'s determination that Apj1 is involved in the degradation of sumoylated proteins (Sahi et al. 2013 ). In the case of the malpartitioning model, we posited that Apj1 may assist in malpartitioning, as cytoskeletal elements such as actin and tubulin are sumoylated (Panse et al. 2004; Castillo-Lluva et al. 2010; Gareau and Lima 2010) . In the case of the trimming model, we suggested that Apj1 may be involved in assisting in or promoting the degradation of the prion cores. Sahi et al., found that single amino acid modifications to the ZBD and CTD I of Apj1 abolished Apj1's function in the degradation of sumoylated proteins, but interestingly found the QS region dispensable (Sahi et al. 2013) . Here, however, we showed that a construct of Apj1 comprised of only the J-domain and QS region is sufficient in carrying out its function in Hsp104-mediated curing of strong variants of [PSI + ]. Likewise, we found that Apj1's J-domain alone, as well as a construct expressing all of Apj1's additional C-terminal domains, were both insufficient to support curing. Thus, the region of Apj1 that Sahi et al., determined to be critical in the degradation of sumoylated proteins is dispensable for Hsp104-mediated curing, and a region that Sahi et al., determined was dispensable for the degradation of sumoylated proteins is required for curing. Our new data clearly indicate that Apj1's roles in Hsp104 overexpression curing of [PSI + ] and the degradation of sumoylated proteins are mechanistically distinct. Taken together, our results strongly suggest a critical role of Apj1's low-complexity QS region in Hsp104mediated prion curing. In Astor et al. 2018 , we demonstrated that by removing a portion of the low-complexity G/F-rich region of Sis1 (Fig. 2) , the curing of strong variants of [PSI + ] was completely abolished. Our results presented here in concert with the findings of Astor et al. suggest Hsp104mediated curing of strong [PSI + ] is critically dependent on at least two J-protein low-complexity regions.
What might the physiological role of Apj1's QS region be? Some clues may exist in the literature. In one study, deletion of APJ1 conferred mild sensitivity to caffeine, rapamycin, cycloheximide, calcofluor white, and wortmannin, which are significant effects considering Apj1's normally very low expression level (Gillies et al. 2012) . In another study, deletion of APJ1 was found to impair the translocation of some GPI-anchored sequences into the ER, indicating an additional uncharacterized role in protein translocation (Ast et al. 2013 ) which remains to be further explored. It remains unclear, however, the extent to which these effects are due to the function of the QS region, specifically.
Apj1's QS region, as its name implies, is not a typical J-protein glycine-rich region, in that it has notably high serine content and a Q-rich insert. Considering its low complexity and the failure of glycine-rich regions of other J-proteins to take on stable structures, it is likely that it may be an intrinsically disordered region (IDR), a functional region which is unlikely to take a defined three-dimensional structure (van der Lee et al. 2014) . Intriguingly, the Q-rich IDR of Hsp42 was recently found to mediate its interaction with protein aggregates, which raises the question of whether IDRs of other chaperones, like Apj1, could act similarly (Grousl et al. 2018) .
Another possibility is that the QS region is subject to a regulatory post-translational modification that is somehow critical for Hsp104-mediated curing. Indeed, bioinformatics studies of eukaryotic IDRs have suggested that these highly solvent-accessible regions are subject to significantly higher post-translational modifications than ordered protein regions (Xie et al. 2007; Tompa 2014; Faust et al. 2018) . Although IDRs are generally thought to function based on the precise balance of, but not particular sequence of, positive, negative, polar, and hydrophobic residues (Faust et al. 2018) , both Hsf1, the primary heat shock transcription factor in eukaryotes, and Pop2, the conserved exonuclease of the Ccr4-Not complex, were found to have phosphorylation events at specific serine residues within their respective IDRs that regulate their function (Guettouche et al. 2005; Yamamoto et al. 2008; Lien et al. 2019) . Experimentally, Sis1's G/F region, Ydj1's G/F region, and Apj1's QS region have already been found to completely lack phosphorylation and ubiquitination (Swaney et al. 2013 ). However, phosphorylation of serine residues can change dramatically in response to cell stress (Vlastaridis et al. 2017) . It is plausible that phosphorylation was not detected in these three J-proteins' IDRs simply because cells were grown under ideal conditions, and that phosphorylation may only be present under stressful conditions and/or when cells harbor [PSI + ], a hypothesis that remains to be investigated. Regardless of the specific mechanism, our results, both here and in Astor et al., add to the body of evidence that underscores the integral, but poorly understood, roles of low-complexity regions of J-proteins in prion biology.
